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We experimentally probe the non-resonant feeding of photons into the optical mode of a two dimensional
photonic crystal nanocavity from the discrete emission from a quantum dot. For a strongly coupled system
of a single exciton and the cavity mode, we track the detuning-dependent photoluminescence intensity of the
polariton peaks at different lattice temperatures. At low temperatures we observe a clear asymmetry in the
emission intensity depending on whether the exciton is at higher or lower energy than the cavity mode. At
high temperatures this asymmetry vanishes when the probabilities to emit or absorb a phonon become similar.
For a different dot-cavity system where the cavity mode is detuned by ∆E > 5 meV to lower energy than the
single exciton transitions emission from the mode remains correlated with the quantum dot as demonstrated
unambiguously by cross-correlation photon counting experiments. By monitoring the temporal evolution of
the photoluminescence spectrum, we show that feeding of photons into the mode occurs from multi-exciton
transitions. We observe a clear anti-correlation of the mode and single exciton emission; the mode emission
quenches as the population in the system reduces towards the single exciton level whilst the intensity of the
mode emission tracks the multi-exciton transitions.
PACS numbers: 42.50.Ct, 42.70.Qs, 71.36.+c, 78.67.Hc, 78.47.-p
The atom like properties of semiconductor quantum
dots (QDs) make them ideal candidates for cavity quan-
tum electrodynamics (cQED) experiments in the solid
state.1 QD-cavity systems are used for many different
applications including the efficient and deterministic gen-
eration of indistinguishable photons,2 devices that ex-
ploit single photon quantum non-linearities,3 and ultra
low threshold nanolasers.4 Whilst these systems exhibit
many effects already known from atomic cQED experi-
ments, the solid-state environment leads to a number of
significant deviations from this model system. Photolu-
minescence studies of photonic crystal defect nanocav-
ities containing a few QD emitters typically reveal in-
tense emission from the cavity mode even though dot
and cavity are spectrally detuned. For small dot-cavity
detunings (|E| < 5 meV), acoustic phonon mediated
dot - cavity coupling has been shown to feed this cavity
emission.5–8 However, even when the discrete QD tran-
sitions and the mode are strongly detuned from one an-
other by |∆E| > 5 meV a mechanism exists by which
the QDs non-resonantly couple to the cavity mode.9–12
For these large detunings, acoustic phonon mediated cou-
pling becomes ineffective and the cavity mode emission
stems from optical transitions between higher excited
multi-exciton states and an energetically lower quasi-
continuum of multi-exciton states.11–13
In this paper we review the non-resonant photon feed-
ing phenomenon from a single QD into the cavity mode
of a two-dimensional photonic crystal. For a strongly
coupled system of a single exciton and the cavity mode,
we track the photoluminescence (PL) intensity of the two
a)Electronic mail: finley@wsi.tum.de
polariton peaks through the anti-crossing when the de-
tuning is varied by changing the bias voltage applied to
our electrically tunable single dot-cavity samples.14,15 At
low temperatures we observe a clear asymmetry in the
relative emission intensities; the exciton line is signifi-
cantly brighter when it is tuned to the low energy side
of the cavity mode compared to the same blue detun-
ing. At high temperatures, however, this asymmetry van-
ishes, indicating that the off-resonant feeding process is
phonon mediated. Here, the probability to couple to the
cavity mode via a phonon mediated process5,7 becomes
equallly likely for phonon emission and absorption when
kbT  Ephonon. For a strongly detuned dot-cavity sys-
tem where the cavity mode is detuned by ∆E ∼ 18 meV
to lower energy than the single exciton transition, we
show cross-correlation measurements that clearly relate
the cavity mode emission to the emission of the QD. Tem-
porally resolved saturation spectroscopy measurements
for a cavity mode detuned by ∆E ∼ 9 meV to lower en-
ergy than the single exciton transition allow us to moni-
tor the temporal evolution of the complete PL spectrum
from the QD-cavity system. Whilst the single exciton
emission is delayed due to the cascaded emission in the
QD,13,16 emission from the cavity mode occurs immedi-
ately after the laser pulse is incident on the sample and
rapidly quenches as the population in the system reduces
towards the single exciton level. Therefore, we conclude
that feeding of photons into the mode occurs from multi-
exciton transitions for such strong detuning.
The samples investigated were grown by molecular
beam epitaxy and consisted of a 180 nm thick GaAs
slab waveguide grown on a 500 nm thick Al0.8Ga0.2As
sacrificial layer. For the electrically tunable sample, the
slab waveguide was doped to produce a p-i-n photodi-
ode structure.14,17 A single layer of In0.5Ga0.5As QDs
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FIG. 1. (color online) Photoluminescence spectra of a
strongly coupled dot-cavity system as a function of bias volt-
age (false-color plot) for (a) T=23 K and (b) T=52 K. (c)
Extracted, normalized peak area of the two polariton lines
for different temperatures as a function of detuning between
exciton and cavity mode.
(∼ 5 µm−2) was incorporated at the midpoint of this
waveguide. A two-dimensional photonic crystal formed
by a triangular array of air holes was realized using a
combination of electron-beam lithography and reactive
ion etching. Nanocavities were formed by introducing
point defects consisting of three missing holes in a row
(L3 cavity).18 Within such a cavity, we normally observe
emission from 1− 3 QDs. In a final processing step, free
standing GaAs membranes were formed by wet etching
with hydrofluoric acid.
For optical characterization the sample was mounted
in a liquid He-flow cryostat and cooled to 10− 15 K un-
less stated otherwise. For the excitation we either used
a pulsed Ti-Sapphire laser (80 MHz repetition frequency,
2 ps pulse duration) or a continuous wave Ti-Sapphire
laser tuned to a wavelength spectrally in resonance with
the wetting layer absorption continuum or a higher en-
ergy cavity mode.19 The QD PL was collected using a
100× microscope objective, spectrally analyzed using a
0.5 m imaging monochromator and detected using a Si-
based, liquid nitrogen cooled CCD. For time-resolved
spectroscopy we used a silicon avalanche photodiode con-
nected to the side-exit of our monochromator. We obtain
a temporal resolution of ∼ 150 ps after deconvolution
with the system instrument response function (IRF).
In Fig. 1 we present optical investigations performed on
a strongly coupled, electrically tunable QD-cavity sam-
ple. We show in Fig.1(a) a false-color plot of the emission
spectra for a lattice temperature of T = 23 K. The exci-
ton is tuned through resonance with the cavity mode as
we change the bias voltage due to the quantum confined
Stark effect. We observe a clear anticrossing in the PL
spectra for Vapp = −0.2 V, with a vacuum Rabi split-
ting 2g ∼ 120 µeV. In Fig. 1(b), we plot PL spectra of
the same system at a higher temperature of T = 52 K.
At this temperature, pure dephasing due to interaction
with acoustic phonons broadens the two polariton peaks
and reduces the coherent interaction between exciton and
cavity mode.15 As a result, the anticrossing at resonance
is not as clearly visible as for the low temperature mea-
surements. For these two temperatures and two inter-
mediate temperatures (T = 31 K and T = 42 K) we
extracted the peak area of the two polariton peaks and
normalized it to the total luminescence intensity of both
polariton peaks. The results of these measurements are
plotted in Fig. 1(c) as a function of detuning from res-
onance ∆E =
√
(Epeak1 − Epeak2)2 − (2g)2. The region
of the data presented in Fig.1(c) with higher intensity
corresponds to the cavity-like emission peak and region
with lower intensity corresponds to the exciton-like emis-
sion peak. In resonance (∆E = 0 meV), the exciton and
the cavity mode enter the strong coupling regime and
an exciton-polariton is formed. Both peaks have equal
exciton- and photon-like character and their emission in-
tensity is equal. We now focus the attention to the rela-
tive intensities of the exciton- and cavity-like peaks when
they are not in resonance. When the QD is at higher
energy than the cavity mode (∆E > 0 meV) it can gen-
erate a photon in the cavity mode by a phonon mediated
emission process.5,7 For this case we do not observe a sig-
nificant difference in intensities as we raise the temper-
ature since a phonon can always be emitted. In strong
contrast, when the QD is detuned to lower energy than
the cavity mode (∆E < 0 meV) the normalized intensity
of the exciton-like polariton branch is clearly highest for
the lowest temperatures investigated (T = 23 K). Upon
increasing the temperatures its relative emission inten-
sity decreases, and exhibits the minimum value at the
highest temperature investigated (T = 53 K). These ob-
servations can be explained by the strong temperature
dependence of the phonon-mediated scattering into the
cavity-like polariton branch.5,7 It is only for tempera-
tures such that kBT  Ephonon, that the phonon ab-
sorption rate is sufficiently high that scattering of the
exciton into the cavity mode via a phonon absorption
process can take place. These observations are fully con-
sistent with recent publications where phonon-mediated,
Purcell-enhanced photon feeding of the cavity mode was
shown to be active for small QD-cavity detunings.5–8
Whilst phonon-mediated feeding of the cavity mode
is effective only for small detunings (|∆E| < 5 meV)
an additional mechanism must exist that non-resonantly
feeds photons into the cavity mode for much larger de-
tunings.9–12 In Fig.2(a) we plot the PL spectrum of a
different QD-cavity system where the cavity mode is
strongly detuned to lower energy than the QD s-shell
excitonic emission (∆E ∼ 15 meV). Although no dis-
crete QD transitions are present in the spectral vicin-
ity of the cavity mode, pronounced PL emission is still
observed from the cavity mode. For this system we con-
3FIG. 2. (color online) (a) Photoluminescence spectrum of
a QD-cavity system with the cavity mode (marked in blue)
detuned to ∆E ∼ 18 meV lower energy than the single exciton
transition (marked in red). (b) Cross-correlation histogram
between the cavity mode and the single exciton. Here, τ > 0
corresponds to detection of a photon from the single exciton
upon detection of a photon from the cavity mode.
duct photon-cross-correlation measurements between the
cavity mode (marked with the blue shaded region on
Fig.2(a)) and a QD single exciton transition (marked
with the red shaded region on Fig.2(a)). The single exci-
ton transition was clearly identified from its linear power
dependence. These two emission features are detuned by
∆E ∼ 18 meV. In Fig.2(b) we plot the cross-correlation
histogram as a function of the time τ between two de-
tection events. Here, τ > 0 corresponds to detection of
a photon from the exciton after detection of a photon
from the cavity mode. At zero time delay (τ = 0 ns) we
observe a dip of g
(2)
cavity−X(0) = 0.26 in the histogram.
This is a clear signature of strongly anti-correlated pho-
ton emission between the cavity mode and the investi-
gated exciton transition. This observation proves that
the cavity mode is predominantly fed by this QD.9,11,12
The asymmtry of the dip is a result of the different life-
times of the cavity mode and the exciton.11 Whilst this
measurement proves that the origin of the cavity mode
emission is indeed due to the QD, it does not allow us to
draw any conclusion about the mechanism that mediates
such non-resonant coupling.
In order to obtain first ideas about the mechanisms
responsible for such strongly non-resonant coupling, we
conduct pump power dependent measurements on a QD-
cavity system where the cavity mode is at ∆E > 5 meV
lower energy than the QD s-shell. We plot the corre-
sponding PL spectra in Fig.3(a) on a logarithmic scale.
Here, the incoherent excitation power was increased from
Pexc = 10 nW (bottom spectrum) to Pexc = 500 nW (top
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FIG. 3. (color online) (a) Power dependent photolumines-
cence spectra recorded from a QD-cavity system with the cav-
ity mode at lower energy than the QD s-shell. The excitation
level increases from bottom to top. (b) Integrated photo-
luminescence intensity from the cavity mode (blue stars), a
selected single exciton transition from the s-shell (red trian-
gles), and a selected p-shell multi-exciton transition (black
squares).
spectrum). For the lowest pump power, the s-shell of the
QD is already clearly visible whilst emission from the p-
shell is barely observed. Furthermore, emission from the
cavity mode at Ecav = 1277.7 meV is very weak. As
we increase the excitation power the emission intensity
from the s-shell increases until it saturates for excitation
powers in excess of P ∼ 100 nW. At the same time, the
emission intensity from the p-shell increases continuously
and does not saturate within the plotted power. Emission
from the cavity mode increases continuously and, further-
more, does not saturate over the investigated range of ex-
citation powers. The observed power dependence of the
cavity mode is, therefore, unrelated to that of the QD s-
shell and more closely reflects the QD p-shell. In Fig.3(b)
we plot the extracted peak intensity of the three selected
spectral lines marked in Fig.3(a) as a function of excita-
tion power on a double-logarithmic scale. These are a sin-
gle exciton transition (red triangles), a p-shell transition
(black squares) and the cavity mode (blue stars). The
single exciton transition exhibits a nearly linear power
dependence with an exponent of mX = 1.05±0.06, char-
acteristic for a single exciton.21,22 The selected state from
the p-shell exhibits a superlinear power dependence with
an exponent of mp−shell = 1.35 ± 0.05, and the cavity
mode intensity also increases superlinearly with an expo-
nent of mcav = 1.56± 0.03, even faster than the selected
p-shell transition. Furthermore, p-shell and cavity mode
saturate at a similar excitation power (∼ 1 µW), much
higher than the single exciton emission (∼ 100 nW).
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FIG. 4. (color online) (a) False color contour plot of the time-resolved photoluminescence intensity of a QD-cavity system as
a function of emission wavelength.20 (b) PL spectra at different time delays after the laser pulse, each integrated over 1 ns. (c)
Extracted, normalized photoluminescence intensity from the cavity mode (blue stars), the single exciton (red triangles), and a
p-shell transition (black squares) as a function of time delay after the laser pulse. The IRF is plotted as gray solid line. (d)
Schematic energy-level diagram (n≤ 3) of a neutral quantum dot (drawn after Ref.12).
These observations strongly suggest that the cavity mode
emission is related to the multi-exciton emission from the
QDs.11–13
To obtain further support for the multi-exciton feed-
ing of the cavity mode, time-resolved PL measurements
are performed on the same QD-cavity system. We chose
the laser power such that the system is excited above
saturation of the single exciton level (P = 1000 nW).
Due to the cascaded nature of the population decay in
the QD, emission from the single exciton transition is
temporally delayed, such that the maximum intensity
is not reached until a few nanoseconds after excitation
with the laser pulse. At that time the average exci-
ton population in the dot has already decayed close to
the single excitation level. In Fig. 4(a) we plot the
time-resolved emission intensity of the QD-cavity sys-
tem as a function of energy. Emission from the p-shell
transitions (Ep−shell = 1306 − 1314 meV) is observed
rapidly after the arrival of the laser excitation pulse at
t = 0 ns and decays within a few nanoseconds.23 As
discussed above, emission from the s-shell transitions
(Es−shell1 = 1283 − 1288 meV) is temporally delayed,
and exhibits a maximum intensity ∼ 4− 5 ns after exci-
tation. Similarly the emission from the cavity mode at
Ecav = 1278.4 meV appears rapidly after arrival of the
excitation pulse and decays quickly within ∼ 1.5 ns. The
PL spectra plotted in Fig. 4(b) show again the time evo-
lution of the QD-cavity system. Here, we integrated the
measured time-resolved PL signal over ∆t = 1 ns time
intervals and present the resulting spectra for the time
intervals from t = 0 − 1 ns, t = 2 − 3 ns, t = 4 − 5 ns,
t = 6 − 7 ns, and t = 8 − 9 ns, from bottom to top.
During the first nanosecond interval, emission from the
QD p-shell and from the cavity mode dominate the spec-
trum (please note the logarithmic scale). However, the
intensity of this emission decreases rapidly and is much
weaker, already 2 − 3 ns, after the excitation. At later
times t > 4 ns, the dominating peaks of the spectrum are
the s-shell transitions, whilst only little signal from the
cavity mode is observed.
In Fig. 4(c) we plot the integrated, normalized PL in-
tensity of the three states marked with arrows in Fig. 4(a)
as a function of time. Here, we can directly compare the
decay transients of the single exciton (red triangles), the
5p-shell state (black squares), and the cavity mode (blue
stars). The solid gray line is the IRF of our experimen-
tal setup, measured with the detection tuned to the laser
wavelength. It serves as reference for the time when the
laser pulse excites the sample and allows us to determine
the origin of the time axis. While emission from the cav-
ity mode and the p-shell state occurs immediately after
the laser pulse, the emission from the single exciton is
delayed and is temporally uncorrelated with the mode
emission.
All experimental evidence indicates that the exact
mechanism which leads to non-resonant emission of pho-
tons into the cavity mode is related to multi-excitons. In
Fig. 4(d) we plot a schematic energy level diagram for
a QD-cavity system (redrawn from Ref.12). The black
lines, labeled with n = 0, n = 1, n = 2, and n = 3,
indicate the energetically most favorable configurations
of n excitons in the QD. The corresponding transitions
are labeled with X0, 2X0, and 3X0. The energy of the
cavity mode is assumed to be smaller than that of a sin-
gle exciton and is schematically represented as a blue,
dotted line. In a more realistic picture, the additional
energy levels have to be considered as well. Each of the
excited states possesses a number of different possibili-
ties to distribute the charges into different orbital levels
and configurations. Each of these different charge con-
figurations has a specific energy that is determined by
the competition between the orbital kinetic energy and
the Coulomb interactions between confined particles.24
This gives rise to a continuum of QD excited states for
each of the multi-excitons. All these states are indicated
as gray solid lines in Fig. 4(d). Transitions between this
plethora of states will merge into a quasi-continuum and
generate a broad QD background at higher excitation
levels.25 Some of the states within this continuum will
be in resonance with the cavity mode and their Purcell-
enhanced emission can efficiently feed photons into the
mode.11–13
In summary we have shown PL intensity measurements
that demonstrate phonon-mediated feeding of the cavity
mode in a strongly coupled QD-cavity system. Cross-
correlations measurements reveal an additional feeding
mechanism which is active for large detunings |∆E| >
5 meV. The power dependence of PL intensity measure-
ments as well as time-resolved measurements on the tem-
poral emission of different QD states and the cavity mode
show a strong correlation between multi-exciton and cav-
ity mode emission, whilst the emission of single excitons
is completely uncorrelated. These results strengthen our
understanding of the cavity feeding and, furthermore,
may allow us to devise means of exploiting or avoiding
it in order to enhance the single photon emission purity
of single photon sources or even increase the gain in QD
nanocavity lasers.4
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